Patrick Vogt, 1 Noble M. Johnson, 3 Markus Weyers, 2 and Michael Kneissl The temperature and strain dependence of the polarization of the in-plane electroluminescence of (0001) orientated (In)(Al)GaN multiple quantum well light emitting diodes in the ultraviolet spectral range has been investigated. For light emitting diodes with emission wavelength shorter than 300 nm the transversal-electric polarized emission intensity increases relative to the transversal-magnetic emission with increasing temperature, whereas it decreases for ultraviolet light emitting diodes with longer emission wavelength. This effect can be attributed to occupation of deeper valence bands with increasing temperature. In addition, strain also strongly influence the in-plane light polarization of near ultraviolet light emitting diodes. The transversal-magnetic polarized emission becomes more dominant with decreasing in-plane tensile strain of the InGaN/ (In)(Al)GaN multiple quantum well active region. Deep ultraviolet (UV) light emitting diodes (LEDs) based on group-III nitrides are of great interest for a number of applications such as water purification, UV curing, photospectroscopy, and bioanalysis.
1,2 However, despite the enormous progress that group-III nitride-based UV LEDs have recently made, [3] [4] [5] [6] [7] [8] state of the art UV LEDs exhibit external quantum efficiencies (EQE) in the range of only a few percent. 9 The limited light extraction efficiency significantly contributes to these low EQEs. For visible and near-infrared LEDs, it was observed that the emission is mainly transverse-electric (TE) polarized (E\c). 10 Therefore, the photons can easily escape through the substrate or the surface. 10 However, for deep UV LEDs with a high aluminum mole fraction in the (In)(Al)GaN active regions, the main emission is transverse-magnetic (TM) polarized (Ejjc) because of the rearrangement of the valence bands at the C point of the Brillouin zone. With shorter wavelength, the split-off hole band moves closer to the conduction band relative to the heavy and light hole bands, and as a consequence, the TM polarized emission becomes more dominant.
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Therefore, less photons can be extracted from the light escape cone via the surface or the bottom of the LEDs (Ref. 8 ) which results in a relatively poor extraction efficiency.
In previous publications, 15, 16 we have shown that LEDs with an emission wavelength around 300 nm have zero polarization meaning that the TE and TM polarized in-plane emission intensities were equal. For LEDs with shorter emission wavelengths, it was found that the in-plane emitted light is mainly TM polarized and for LEDs with longer wavelength TE polarized, respectively. In this paper, we have investigated the temperature and strain dependence of the optical polarization of UV LEDs. In order to investigate these effects, the degree of polarization of ultraviolet-A (UV-A) and ultraviolet-B (UV-B) LEDs has been measured for temperatures ranging between 20 C and 170 C. Because the strain has a strong influence on the electronic band structure of LEDs (Refs. 17 and 18), also the strain dependence of the polarization of the in-plane emission of LEDs was investigated. Therefore, the in-plane polarization of LEDs emitting near 380 nm has been investigated. By changing the aluminum and indium mole fraction in the InAlGaN barriers, near UV LEDs with differently strained InGaN/(In)(Al)GaN multi-quantum well (MQW) active regions were compared.
The LED heterostructures were grown by metalorganic vapor phase epitaxy (MOVPE) on (0001) After MOVPE growth, the samples were annealed in nitrogen ambient in order to activate the p-type conductivity. LEDs were fabricated with standard chip-processing technologies. 100 lm Â 100 lm mesa structures were defined by inductively coupled plasma etching in order to expose the n-AlGaN surface. A Pd/Au p-contact and a Ti/Al n-contact were deposited to form the p-electrode and the n-electrode, respectively. The electrical and optical characteristics of the LEDs were measured on-wafer at room temperature (barrier series) under direct current (DC) operating conditions without any active cooling. For the temperature dependent measurements, the wafer was placed on a Peltier element. A schematic illustration of the experimental setup is shown in Ref. 15 . The in-plane emitted light was collected with a lens and analyzed after an iris diaphragm by a Glan-Taylor prism and an optical fiber spectrometer. The light was then focused with a second lens on the optical fiber. For calibration of the experimental setup, an unpolarized light source with a second polarizer was used.
In a first step, the temperature dependence of the polarization of the in-plane emitted light of 288 nm, 303 nm, 320 nm, and 379 nm LEDs has been investigated. The measurements were performed at a fixed DC injection current of 20 mA. Figure 1 shows the change of the peak energy of the electroluminescence spectrum for increasing temperature of the Peltier element between 20 C and 170 C. A nearly linear decrease of the energy with increasing Peltier element temperature can be observed for all samples. This indicates that the sample temperature increases linearly with the temperature of the Peltier element, if we assume a linear band gap vs. temperature relationship in the investigated temperature range. 22 Furthermore, the ratio of the peak shift is nearly the same for all samples which means that the temperature change for all samples is nearly identically. Therefore, the temperature dependencies of the in-plane polarization of the individual samples can be compared to each other. Figure 2 shows the change of the degree of polarization of the in-plane electroluminescence as a function of the temperature for LEDs with emission wavelength ranging between 288 nm and 379 nm. The degree of polarization (P) is defined as P ¼ (I TE À I TM )/(I TE þ I TM ), where I TE and I TM are the integrated intensities of the in-plane emitted TE and TM polarized electroluminescence, respectively. At room temperature, the degree of polarization is À0.15 for the 288 nm LEDs, À0.03 for 303 nm, 0.27 for 320 nm, and 0.54 for the 379 nm LEDs. The degree of polarization was found to increase with temperature for the 288 nm LEDs, whereas it remains constant for the 303 nm LEDs and even decreases for the 320 nm and 379 nm LEDs. These observations can be explained by the different arrangements of the valance bands (due to different crystal-field splitting) at the C point of the Brillouin zone for the different LEDs. In our previous publications, 15, 16 we have shown that at 20 C LEDs with emission wavelength of around 300 nm have zero polarization meaning that the intensity of the TE and TM polarized part of the in-plane emission is the same. In this case, the maxima of the heavy hole (HH), light hole (LH), and split-off hole (SO) valance bands are nearly at the same energetic position as shown schematically in Fig. 3(b) . For LEDs with shorter wavelengths, it was found that the emitted in-plane light is mainly TM polarized, because the topmost valence band is the split-off hole band, and the main transition takes place between this band and the conduction band (see Fig. 3(c) ). Finally, for LEDs with longer wavelength, it was observed that the emitted in-plane light is mainly TE polarized. For these LEDs, the heavy and light hole bands are the topmost valence bands (see Fig. 3(a) ). Therefore, the main transition takes place between the conduction band and these two valence bands. A heating of the LEDs increases the thermal energy of the carriers. Therefore, the holes increasingly occupy deeper valence bands with an increasing sample temperature. Thus, the distribution of the transitions between the conduction band and the heavy, light, and split-off hole bands changes. For LEDs with an emission wavelength shorter than 300 nm the holes occupy more and more the deeper heavy and light hole bands relative to the split-off hole band. Therefore, the TE polarized part of the in-plane emission increases with an increasing sample temperature. For the LEDs with longer emission wavelength than 300 nm, the situation is opposite. When increasing the temperature of these LEDs the holes occupy more and more the deeper ) split-off hole band relative to the heavy and light hole bands. For this reason, the TM polarized part of the in-plane emission increases with increasing sample temperature. For the 303 nm LEDs, the maxima of the heavy, light, and split-off hole bands are nearly at the same energetic position. Therefore, the degree of polarization is almost independent of the sample temperature. These results are in a good agreement with our previous publications 15, 16 and confirm a cross over of the different valence bands for LEDs with an emission wavelength of around 300 nm.
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Another effect which can also result in a change of the degree of polarization with temperature is the thermally induced strain based on the different thermal expansion coefficients of the LED template and the active region. However, for an increase of the temperature from 20 C to 170 C, the thermally induced in-plane strain can be estimated to a change by less than 0.04%. Therefore, this effect plays only a minor role for the change of the degree of polarization with increasing temperature which can be also seen in the next paragraph.
In a next step, the degree of polarization has been investigated as a function of the in-plane strain of the MQW barriers for LEDs with an emission wavelength of around 380 nm. Therefore, LEDs with InGaN QWs surrounded by 7 nm thick GaN or In x Al 0.16 Ga 0.84Àx N barriers with indium mole fraction x of 0, 0.02, and 0.03 have been compared. HRXRD measurements on calibration samples were performed to determine the in-plane strain of the InGaN/ (In)(Al)GaN MQW active region. The XÀ2h scans of the (0002) reflection can be found in Ref. 23 . It was found that the zero order x-ray diffraction peak of the active region shifts towards the GaN main peak when the indium mole fraction of the barriers increases. This indicates a decrease of the in-plane tensile strain in the active region with respect to the GaN template. Figure 4 shows the degree of polarization as a function of the in-plane tensile strain of the (In)(Al)GaN MQW barriers. It was found that the degree of polarization decreases from 0.67 to 0.43 when the in-plane tensile strain of the QW barriers is reduced from 0.38% for the LEDs with the Al 0.16 Ga 0.84 N barriers to 0% for the LEDs with the GaN barriers. This observation shows that the in-plane strain of the active region has a strong influence on the degree of polarization of UV LEDs. The change of the polarization of the in-plane emission should be related to a change of the electronic band structure of the active region and so a rearrangement of the valence bands at the C point of the Brillouin zone. The measurements suggest that the energy difference between the heavy and light hole bands and the split-off hole band increases with increasing tensile strain of the active region. Therefore, the transition between the conduction, heavy, and light hole bands increases in intensity which enhances the TE polarized emission. The change of the electronic band structure of the quantum wells with changing barrier material is not totally clear at the moment. Therefore, further investigations of this effect are necessary.
In order to enhance the TE emission intensity and consequently the light extraction efficiency particularly of UV LEDs, these results indicate that the strain state of the active region can be instrumental to control and increase the TE polarized portion of the emitted light.
In summary, we have investigated the temperature and strain dependence of the polarization of the in-plane electroluminescence of (0001) orientated (In)(Al)GaN MQW LEDs in the UV spectral range. It was found that with increasing temperature, the TE polarized emission increases relative to the TM emission for LEDs with an emission wavelength shorter than 300 nm and decreases for LEDs with a longer emission wavelength. This effect can be attributed to the temperature dependence of the occupation of the different valence bands, e.g., the heavy, light, and split-off hole band. The in-plane strain of the active region has a strong influence on the in-plane light polarization of near UV LEDs. It was found that the TM polarized part of the in-plane emitted light becomes more dominant relative to the TE polarized part for MQWs with decreasing tensile in-plane strain. Therefore, the strain state of the active region is one parameter that needs to be optimized to improve the light extraction efficiency of UV LEDs. 
